Introduction
The established standard of epilepsy surgery is open resection of what has been identified as best approximation to the epileptogenic zone (EZ) as defined by Lü ders [1] . Yet, there are constellations in which the risk-benefit analysis argues against performing open resections: proximity of the EZ to eloquent brain structures, multiple brain areas producing epileptic discharges or seizures independently, or badly demarcable epileptogenic lesions (EL). Under these circumstances less invasive surgical procedures should be considered.
One alternative is stereotactic radiofrequency thermocoagulation (RFTC; also referred to as RF-TC [2] or SRT [3] ; synonymously used to stereotactic radiofrequency ablation, SRA [4] and stereotactic radiofrequency lesioning, RFL [5] ). Brain tissue is coagulated by applying very high frequency alternating current usually between two closely neighboring contacts (bipolar) or to one intracerebral contact (and remote reference; pseudo-monopolar) of a depth electrode or a coagulation probe. The volume of a single coagulation is small with a diameter of 4.5-7 mm [6, 7] , but usually multiple coagulations are applied in a single operative session.
Over several decades RFTC has been proven to be associated with low morbidity and mortality [8] . However, success rates of RFTC have never come close to those of resective epilepsy surgery [6, 9] . Likely reasons are:
A selection bias of patients: RFTC is usually applied in ''palliative'' intention in patients with non-lesional MRI, diffuse seizure onset or difficult to resect lesions. In these patients the chance to achieve seizure freedom is naturally lower than in resection candidates. A scattered distribution of coagulation sites: RFTC is most often applied following the concept of stereo-EEG (SEEG) guidance. The definition of coagulation sites mainly relies on ictal activity which is recorded via SEEG-electrodes [6] . These are usually scattered over large areas of one or both hemispheres and lack a condensed electrode array within the EL and EZ, respectively. Thus, the volume effect of open resections cannot be achieved.
As the success of resective surgery depends on the totality of removal of epileptogenic lesions as detected on high-resolution magnetic resonance imaging (MRI) [10, 11] , one should expect that RFTC can be more successful when coagulations are planned and performed based mainly on the localization and extent of a given EL. In fact, the literature contains evidence that primarily lesionguided RFTC (L-RFTC) may deliver favorable seizure outcomes in patients with pharmacoresistant symptomatic epilepsy due to different etiologies.
This focused review summarizes studies on L-RFTC in patients with hypothalamic hamartomas (HH), periventricular nodular heterotopias (PNH), and small focal cortical dysplasias (FCD) published until January 2016 with restriction to interventions performed after the year 1995. With this time limit a minimum standard of 1.5 Tesla MRI should be ensured, although there is evidence to suggest that even standard 3 Tesla MRI might not always be sufficient to display the extent of lesions [12] .
Materials and methods
By the 05.01.2016 we searched the PubMed Data base for the terms 'hypothalamic hamartoma', 'cortical dysplasia' or 'nodular heterotopia', each combined with the terms 'thermocoagulation', 'coagulation', 'stereotactic', 'radiofrequency', 'ablation' and 'lesioning', respectively. The number of hits following this search is shown in Table 1 . All article abstracts were screened for their content. If the abstract dealt with L-RFTC or its synonyms in any of the mentioned etiologies, the full article was evaluated.
Articles describing the application of SEEG-RFTC were not included in the evaluation but are considered in the discussion.
Results
None of the identified studies is a prospective, randomized trial. All studies are either retrospective case series from a single epilepsy surgery center or single case reports. A summary of the studies on L-RFTC including details on surgical planning, execution and outcomes is given in Table 2 . In more detail, the analysis of the studies delivered the following results.
L-RFTC of patients with HH
Nine studies report L-RFTC in patients with HH. The study of Kameyama et al., 2015 [3] is by far the largest study with 100 subsequent patients. Earlier publications from the same group report patients which are included in the 2015 study [7, 13, 14] , hence are not further referred to here. Kuzniecky and Guthrie report 8 patients with L-RFTC of HH [15] including three patients which have been published earlier [16] . In addition, four single case studies report on L-RFTC in HH [17] [18] [19] [20] . Therefore, the total published experience on L-RFTC in HH comprises 112 patients of which 100 (89.3%) originate from a single center.
In their 2015 study Kameyama and colleagues [3] describe 100 patients who underwent 140 L-RFTC between October 1997 and September 2013. All procedures followed a single surgical strategy: disconnecting the HH from the hypothalamus as completely as possible. As planning tool a multidimensional image planning software relying on three dimensional T1 weighted and FLAIR MRI scans was used. Based on this information 1-10 (mean 4) trajectories and 1-36 (mean 6) coagulation points were planned. For each single lesion a spherical diameter of 5 mm was anticipated. Furthermore, based on the anatomy the image planning software allowed advance prevention of damage to neighboring eloquent structures. Nevertheless, the authors recommend heat control during the coagulation to confirm the exact coagulation volume (especially close to cerebrospinal fluid). EEGcontrol, in contrast, played only a subordinate role in planning and performing L-RFTC. Only in the first trajectory to the HH, EEGrecordings were performed to confirm the border of the HH and the localization of epileptic spikes within the lesion.
A 71% overall seizure freedom rate was achieved, 86% with regard to gelastic seizures. However, in order to achieve this outcome 27% of patients underwent a second thermocoagulation procedure, two patients had three procedures and three patients required four. All patients who finally achieved gelastic seizure freedom had a follow-up MRI showing complete disconnection between the HH and the hypothalamus.
Two patients with bilateral HH attachment and bilateral trajectories developed persistent pituitary dysfunction. Therefore, later in the series only unilateral approaches to the HH were performed. All other complications were transient (up to several months) and comprised Horner's syndrome, contralateral emotional (but not volitional) face paralysis, hyperphagia, hyperthermia, hypernatremia, and short memory dysfunction (frequency of occurrence: 3-60%). Behavioral problems were resolved in all patients who achieved freedom from gelastic seizures. A majority of patients also achieved intellectual improvements to various degrees.
De Almeira et al. [19] report one case of MRI-based disconnection of an HH. Planning of the disconnection was based on reformatted three dimensional MRI data sets. Three lesions in a single trajectory were performed. The completeness of disconnection is not mentioned. The patient achieved an over 90% seizure reduction, his aggressiveness improved. No side effects are reported.
Parrent [17] , Kuzniecky and Guthrie [15] , Fujimoto et al. [18] , and Wang et al. [20] aimed at destructing rather than disconnecting HHs by L-RFTC. In the Kuzniecky and Guthrie series [15] , following depth electrode recordings from the HH via one or two trajectories (depending on the size of the HH and surgical planning), coagulations were performed via a thermocoagulation probe placed using the same coordinates. The number of coagulations and the extent of coagulation according to postoperative MRI were not mentioned. The seizure outcome is favorable (see Table 2 ). The only reported side effect was transient third nerve palsy in one patient.
Parrent [17] applied five coagulations in one trajectory based on volumetric MRI planning and found partial destruction of the hamartoma, Fujimoto et al. [18] coagulated 13 targets through five trajectories and describe a shrinkage of the HH. Wang et al. [20] applied four lesions in one trajectory. They report that most of the HH was coagulated. Following these incomplete lesion destructions one patient achieved seizure freedom for 12 months [20] , the other two showed significant improvement of their seizures but no seizure freedom [17, 18] . All reported side effects were transient: a subjective change in body temperature and hyperphagia with weight increase plus insomnia [17] , a transient fever [20] , and no neurologic deficits but improvement of aggressiveness [18] . 
L-RFTC of patients with PNH
A literature search for studies describing L-RFTC in patients with periventricular nodular heterotopia delivered just one hit which is a case study [5] .
Schmitt et al. treated a patient with a solitary heterotopia located dorsal to the left caput caudatum. Firstly, proof of epileptogenicity of the lesion during invasive presurgical workup and recognition of seizure propagation to the overlying cortex was achieved. Consecutively, a nearly complete destruction of the heterotopia and an adjacent extension to the insula was performed via eight trajectories and 20 partially overlapping coagulations. Postoperative MRI documented the expected defect zone at the coagulation sites and a remaining fragment of the PNH on the immediate ventricle wall. With regard to seizures a postoperative running down was observed. At last follow up only <1 aura per month persisted. The patient experienced no side effects of the intervention.
L-RFTC of patients with FCD
Two studies of the same group (one listed in PubMed [21] , one accepted for publication at the time of writing this review and published in the meantime [12] ) report the application of L-RFTC to patients with small focal cortical dysplasias. Both patients of the first study are included with longer follow-up in the later study.
Of seven reported patients six suffered from epilepsy due to small FCD type II according to MRI. One patient with non-FCD lesion and outcome Engel Ib is not reported here. Three of the six patients with FCD had a monofocal organization of the EZ and were treated in curative intention. Three had complex epileptogenic zones with strong, independent interictal activity remote from the seizure onset zone and therefore underwent palliative L-RFTC.
Planning of the stereotactic coagulation was based on preoperative 3 Tesla MRI, in particular a 1 Â 1 Â 1 mm 3D-FLAIR sequence. The objective of therapy was to destroy the complete lesion volume. The number of planned coagulations in these six patients was 9 to 27 (mean 16) via 3-7 (mean 5.8) trajectories. Due to intraoperatively recorded strong epileptic activity in the vicinity of the lesions some additional coagulations were set in 3 patients within the given trajectories (2 to 5; mean 3), so that the total number of coagulations added up to 14 to 27 (mean 17.5).
Of the monofocal patients, one achieved seizure freedom (Engel Ia) following a complete coagulation of the FCD IIB. One patient was transformed from pharmacoresistant to pharmacosensitive (two auras only under tapering of the medication, no seizures for >1 year under continued medication, Engel Ib). In this case, incomplete coagulation of the FCD is likely. In the third patient, only a small part of the lesion was destroyed with the thermocoagulation. Seizure rate did not improve. The patient became seizure free after subsequent open resection.
In the group of patients with FCD and complex epileptogenic zones, one patient achieved completele freedom of clinical seizures but continued having subclinical seizures according to EEG (equivalent to Engel Ib). In one patient the previous seizures were truncated (short tonic instead of hypermotor seizures). Another one patient achieved temporary seizure freedom (6 months), thereafter the seizures re-occurred with about 50% of the former frequency (both Engel III).
One patient developed aphasia after the L-RFTC, probably due tolesioning the arcuate fascicle.
MRI-basis for planning and executing L-RFTC
Although the most important tool of lesion guided surgery including L-RFTC is MRI, technical characteristics of applied MRI are only reported inconsistently (Table 3 ).
Discussion
Conceptually, L-RFTC is intended as a hybrid of minimal invasive epilepsy surgery and lesion focused resective surgery. One goal is to achieve a comparable volume effect to small resections and thereby good surgical outcomes in combination with the low procedural risk known for stereotactic procedures such as SEEG-RFTC. An alternative goal is to perform precise disconnection, also Abbreviations: HH = hypothalamic hamartoma; PNH = periventricular nodular heterotopia; FCD = focal cortical dysplasia; GS = gelastic seizures; CPS = complex partial seizures; GCTS = generalized tonic clonic seizures; n.r. = not reported. Engel I-IV = Engel classification of outcomes of epilepsy surgery. (*) Extraoperative invasive EEG prior to coagulation-exact influence on RFTC-planning is not mentioned; (**) proof of strong perilesional spiking during intraoperative invasive EEG led in 3 of 6 patients to 2-5 (mean 3) additional coagulation points within the given trajectories.
at low procedural risk. However, the experience published by January 2016 is too little to judge if L-RFTC can fulfill these expectations. The database is only sufficient for HH (although nearly exclusively from a single epilepsy surgery center) in order to compare the method with other surgical techniques. For FCDpatients a first case series of six patients indicates the potential value of L-RFTC, for patients with PNH a first published case with favorable outcome is a promising proof of principle.
L-RFTC in patients with HH
In patients with HH L-RFTC competes with a variety of other interventional techniques. These are open resections via pterional or orbitozygomatic approaches, transcallosal or endoscopic interventions, radiosurgery (gamma knife), stereotactic laser ablation and interstitial brachytherapy (for review see [22] [23] [24] [25] ). None of these competing techniques was hitherto able to establish itself as a gold standard, neither with regard to seizure freedom, nor with regard to prevention of complications.
In surgery for HH the given micro-anatomy has to be taken into account, more so than in any other epilepsy surgery. Therefore, both the surgical approach to the target and the local action have to be planned with respect to the attachment type of the hamartoma (sessile vs. pedunculated, uni-vs. bilateral), the size of the HH and its anatomical relationship to mamillian bodies, fornix, optic tract, infundibulum and the hypothalamus itself. According to the data available at current, especially from the group of Kameyama [3] , L-RFTC provides all required characteristics for microsurgery in such an eloquent surroundings: low complication rate from the surgical approach to the deep seated target via up to 10 trajectories. ability to tailor the coagulation volume by combination of up to 36 local coagulation points. achievement of outstandingly good seizure outcome (71% overall seizure freedom, 86% seizure freedom for gelastic seizures), in particular taking into account that in case of HH associated epilepsy not all seizures originate from the HH [26] .
The main restriction so far is the lack of confirmation of the Kameyama results [3] by an independent group; also no prospective randomized studies have been performed comparing L-RFTC with the other available surgical techniques.
L-RFTC in patients with FCD
In contrast to HH-patients, a surgical gold standard for patients with FCD exists: open resection. Therefore, good reasons are needed to apply any other surgical technique. According to case series of Wellmer et al. [12] two L-RFTC indications are possible. One is small focal cortical dysplasias in which EL and EZ match but due to proximity of eloquent structures or deep lesion localization a significant surgical risk from open resection is observed. Furthermore, a second indication is the combination of FCD with a complex organized epileptogenic zone, characterized for example by seizure onset within the lesion but independent strong interictal epileptic discharge activity also remote from the lesion. In these cases, a relatively low chance for seizure freedom would not justify the risk of open surgery.
With only six published patients following observations can be made:
If L-RFTC manages to coagulate an FCD IIB completely, seizure freedom is possible even after severe tapering of the medication (proof of principle for an overlap of EL and EZ, compare Ref. 11) . If the coagulation fails to destroy the complete FCD, the propensity for seizures persists. Nevertheless, L-RFTC can achieve a transformation of the epilepsy form pharmacoresistant to pharmacosensitive and also a truncation of spread of seizure activity close to its onset. This can either mean a spatial restriction of seizure activity to non-symptomatogenic cortex (subclinical seizures only), or the attenuation of the seizures (simpler and shorter seizures compared to preoperative). L-RFTC can be performed even close the eloquent structures such as pyramidal tract without causing persisting neurological deficits [21] .
These preliminary results justify continued application in patients with the above named indications and collection of more experience. Whether on the long run indication for L-RFTC may extend to easily accessible FCD or lesions in less eloquent localizations alternative to the current gold standard open resection remains to be shown.
Comparison of L-RFTC with other MRI-guided minimal invasive techniques, such as laser coagulation and radiosurgery, is also important. There are theoretical arguments for the application of L-RFTC: the ability to record EEG and to perform functional examinations (e.g. motor evoked potentials, language mapping) via the coagulation probe prior to each single coagulation [21] . It remains to be seen whether in patients with FCD sized over 4 or 5 cm 3 laser coagulation proves advantageous due to bigger single coagulation volumes and possibly fewer required trajectories.
L-RFTC in patients with PNH
There is only one case report available for the application of L-RFTC (in a narrow sense) to PNH [5] . However, there is published data by at least one other group which support a value of L-RFTC in this indication. Cossu et al. [2] applied primarily SEEG-guided RFTC but recognized particularly good results when the electrode arrangement was ''implemented for excessive coverage of the heterotopy to destroy the lesion as completely as possible''. By Table 3 Summary of technical characteristics of MRI examinations used for planning and executing L-RFTC. Abbreviations: HH = hypothalamic hamartoma, PNH = periventricular nodular heterotopia; FCD = focal cortical dysplasia; n.r. = not reported; T1 = T1-weighted MRI sequence; T2 = T2-weighted MRI sequence, FLAIR = fluid attenuated inversion recovery MRI sequence; ZOOMit1 = parallel transmit T2 sequence (Siemens Healthcare, Erlangen, Germany).
Study
Magnetic [27] and gamma knife surgery [28, 29] to PNH. The anticonvulsive effect of PNH focused interventions is remarkable since heterotopic nodules are often reported to be only one part of a complex epileptogenic network with overlying cortex [30] [31] [32] . However, as for patients with HH and FCD the effectiveness of L-RFTC for patients with different degrees of singular or multiple, uni-or bilateral PNH has to be examined systematicallyprospectively and in comparison with other surgical techniques.
No tissue for histological examination
A general disadvantage of lesion destruction and disconnection techniques compared to open resection is that no lesion tissue can be provided for histological examination. In patients with questionable lesion entity (in particular those with possible neoplasms) either stereotactic biopsy before coagulation or open resection should be preferred. Yet, most hypothalamic hamartomas, periventricular nodular heterotopias and focal cortical dysplasias type IIB can be diagnosed by MRI with a high degree of certainty making histological tissue examination superfluous.
Minimum MRI requirements for L-RFTC
A final point to be addressed is the lack of sufficient information about applied presurgical MRI in most evaluated studies. As the completeness of lesion resection is essential for resective epilepsy surgery [10] , the same can be predicted for destructive epilepsy surgery [12] . To be able to analyze if the applied technique has an effect on seizure outcomes, we suggest that all future studies on epilepsy surgery should provide exact information upon which MRI technique (magnetic field strength, spatial resolution, slice thickness, sequences) surgical decisions were based on and to which degree lesions were effectively removed or destroyed according to postoperative MRI.
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